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Abstract: Vegetable by-products have great potential for use as animal feeds and thus could improve
the sustainability of the food system. The objective was to evaluate the milk production potential
of potato by-product (PBP) replacing cereal grains in grass silage-based total mixed ration (TMR).
Additionally, a laboratory scale experiment was conducted to assess the effect of PBP and chemical
preservatives on the aerobic stability of TMRs. A change-over dairy cow feeding experiment was
conducted to evaluate the inclusion of 135 g/kg (on a dry matter (DM) basis) of PBP in TMR.
Additionally, the aerobic stability of TMR was evaluated by preparing TMRs with increasing levels
of PBP and treated with different doses of formic and propionic acid or salt-based preservatives.
The inclusion of PBP in dairy cow diets decreased feed intake, but organic matter digestibility
was greater in the PBP diet, resulting in only slightly decreased production (milk protein 1435 vs.
1363 g/day, p < 0.05; milk lactose 1716 vs. 1606 g/day, p < 0.05). The aerobic stability of TMR
was negatively affected by the inclusion of PBP, but it could to a limited extent be prolonged using
chemical preservatives. The inclusion of PBP decreased feed intake and milk production to some
extent when included in the diet of high-producing dairy cows. The utilization of PBP may, however,
be justified from a sustainability point of view, as it provides a way to circulate the nutrients of a
non-human edible feed material back into the food chain.
Keywords: aerobic stability; animal feed; bio-waste utilization; preservative; Solanum tuberosum;
starch; sustainability; valorization; vegetable by-product
1. Introduction
The sustainability of food systems has gained increasing concern in the agricultural
sector. Approximately 88 million tons of food waste is generated annually in Europe [1],
which includes both edible food and inedible parts associated with food. Bio-waste uti-
lization as livestock feed is an ecologically viable and economically effective method of
by-product management because the costs are reduced and, instead of being disposed of
in landfill, the nutrients are recycled [2]. The long traditions of using by-products from
various food, beverage and bioenergy industries contribute to the sustainability of livestock
production, but accurate information on the quality of the side streams is essential to
improve the efficiency of their use [3].
Potato (Solanum tuberosum) is the world’s most used non-grain food commodity [4].
Europe has the highest level of potato consumption in the world (almost 90 kg per capita
per year) [4] and potatoes account for approximately 2% of the world’s dietary energy
supply [5], resulting in a large amount of potato by-products (PBP) being generated. Potato
by-products represent a great potential for use as an animal feed [6], if aspects related to
feed safety, feed value, animal performance and palatability can be solved. Potato contains
glycoalkaloids (solanine and chaconine), anti-nutritional factors that can cause neurological
disorders in humans, but not in ruminants if intake of potato is below 30% of the dietary
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dry matter (DM) [7,8]. The use of vegetable by-product streams instead of, e.g., cereal
grains would increase the amount of non-human edible components in animal diets [9],
which would improve the acceptance of animal production.
Bakshi et al. [8] emphasized the safety issues related to moist by-product feeding
but encouraged research to find ways to incorporate them into livestock diets to increase
feed supply and sustainability. Potato or potato by-product inclusion in ruminant diet has
been investigated for decades, with a range of inclusion levels and different responses to
production parameters [8]. The milk production responses varied from slight decreases [10],
to no differences [11,12], to slight increases [13] depending on the quality of feeds they
replaced in the diets used. The use of moist, easily perishable vegetable by-products
such as PBP is challenged by their fast deterioration [14]. Preservatives can be added to
materials to improve quality, such as increasing aerobic stability [15], which allows for
more efficient logistics.
The aim of this study was to evaluate the potential of a PBP when replacing cereal
grains in a grass silage-based total mixed ration (TMR) of high-yielding dairy cows. Further,
a laboratory-scale experiment was conducted to assess the effect of PBP and chemical
preservatives on the aerobic stability of TMRs.
2. Materials and Methods
The experiments were conducted at Natural Resources Institute Finland (Luke) in
Jokioinen, Finland (60◦48′ N, 23◦29′ E).
2.1. Dairy Cows Fed Potato By-Product (Experiment 1)
The PBP originated from a potato peeling company (Kiviranta, Loimaa, Finland) and
it was comprised of unheated potato peels and discarded whole potatoes. Approximately
one ton of fresh PBP was collected once a week for six consecutive weeks during April and
May in 2019. The PBP was transported in plastic IBC containers and 5 l/ton of a formic and
propionic acid-based preservative (AIV Ässä Na, Eastman, Oulu, Finland) was added to it
to extend the preservation period [15]. The container as well as the TMRs after preparation
were stored in an uninsulated barn and the average temperature was ca. +10 ◦C. The grass
silage used was made of a second cut of timothy-meadow fescue sward, slightly prewilted,
precision chopped and ensiled in a horizontal silo using 5 l/ton of a formic acid-based
additive (AIV2; Eastman, Oulu, Finland). Two concentrate mixtures were prepared to be
used in the control diet and to complement the PBP, respectively. The concentrate mixtures
were pelleted to aid even mixture in TMR. The TMR was mixed twice a week (Pellon
Cutmix; Pellon Group Oy, Ylihärmä, Finland) and delivered to cows four times daily (8:00,
13:00, 16:15 and 18:00 h).
The use of animals in scientific experimentation was in line with Directive 2010/63/EU.
No invasive research methods were used so that a formal license was not required accord-
ing to the National Ethics Committee (Hämeenlinna, Finland). Ten Nordic Red cows
(125 ± 57 days in lactation and 37 ± 5.3 L milk per day for control treatment, and
127 ± 53 days in lactation and 38 ± 3.9 L milk per day for PBP treatment) in the be-
ginning of the experiment were used in a 2-period change-over experimental design. Five
cows were allocated to a control treatment without PBP and five cows received 135 g/kg
PBP in a TMR on a DM basis. After the period of sample collection and evaluation of
animal response, the cows switched the treatments. Cows were housed in a free-stall barn
with individual beds, individual access to diet and free access to water. Cows were fed
TMR ad libitum in a 0.5:0.5 silage:concentrate ratio, allowing 0.05 for leftovers. Additionally,
ca. 550 g per cow per day of the control concentrate used in TMR was given in the milking
parlor. Diets were formulated to meet nutrient requirements according to Luke [16]. An
amount of 135 g/kg PBP was defined considering the absence of major differences between
nutritional requirements and provision of nutrients in the diet. The PBP replaced part of
the concentrate in the TMR for the PBP group. Composition of the experimental diets are
presented in Table 1.
Dairy 2021, 2 220
Table 1. Composition of the total mixed rations (TMR) in the dairy cow feeding experiment (Experi-
ment 1).





Molassed sugar beet pulp 65 63
Rapeseed meal 175 175
Minerals 15 13
Potato by-product 0 135
Grass silage 500 500
Each experimental period lasted three weeks and the third week was used for data
and sample collection. Intake and milk yield were evaluated on a daily basis. Cows were
milked twice daily (6:00 and 16:00 h) in a milking parlor and milk yield was gravimetrically
recorded (Pellon SAC, Kolding, Denmark). Feed intake was measured by weighing daily
the amount of both TMRs and leftovers individually per cow, and adding the amount of
concentrate given in the milking parlor. Four samples of milk were taken in the last two
days (morning and evening) of each period and separately analyzed in order to evaluate
the composition. The results presented are the weighted means taking into consideration
the different amount of milk produced at each of the milkings. Fecal grab samples were
taken in the last three days of each period after morning and evening milking for diet
digestibility determination [17].
Samples of feeds were taken daily during the third week of both periods. Samples of
silage and PBP were evaluated for DM (105 ◦C for 16 h), ash (method 942.05, [18]), crude
protein (CP; method 968.06, [18]), water soluble carbohydrates (WSC; [19]), starch [20],
neutral detergent fiber (NDF; [21]), indigestible NDF (iNDF; [22]), cellulase solubility [23],
pH, ammonia [24], lactic acid [25] and VFA [26]. Neutral detergent fiber was determined
using filter bag technique (25-micron nylon bags F57, ANKOM Technology, Macedon, NY,
USA) and ANKOM 220 Fiber Analyzer (ANKOM Technology, Macedon, NY, USA) [21]
including α-amylase. Ethanol was measured using the spectrophotometric method of
Roche Diagnostics (Basel, Switzerland; application Ethanol, UV-method, kit Cat. No.
10 176 290 035). The analysis was made from water extract of the sample (1:15). The
equipment used was UV-VIS double-beam UV-1800 spectrophotometer (Schimadzu Co.,
Kyoto, Japan). Concentrates were analyzed for DM, ash, CP, starch, NDF and iNDF. Fecal
samples were analyzed for DM, ash, CP, NDF, starch and iNDF. Feed samples were also
analyzed for enterobacteria, lactic acid bacteria, yeasts, molds, total bacteria and Clostridia,
as described by Rinne et al. [15], at the beginning of the experiment and at the end of both
experimental periods. The laboratory’s quality management system follows the standard
SFS-EN ISO/IEC 17025:2017 and is accredited by FINAS (the Finnish Accreditation Service,
Helsinki, Finland) with number T024. The in vitro organic matter (OM) digestibility of
silage was calculated according to Huhtanen et al. [23], while metabolizable energy (ME),
metabolizable protein (MP) and protein balance in rumen (PBV) were calculated according
to Luke [16]. The ME intake of the cows was calculated based on feed values and using the
correction equation or calculating from the amount of digestible OM intake using a value
of 16 MJ ME per kg organic matter digested [16].
Data were analyzed using a MIXED procedure (SAS Inc. 2002–2012, Release 9.4; SAS
Inst. Inc., Cary, NC, USA) according to the statistical model: Yijk = µ + Ti + Cj + Pk + eijk,
where Yijk is the observation of the dependent variable ijk; µ is the overall mean of the
population; Ti is the treatment fixed effect; Cj is the random effect of cow; Pk is the random
effect of period; and eijk is the random error associated with the observation ijk. The
UNIVARIATE procedure was used to test the normal distribution of data through Shapiro–
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Wilk test. Least squares means and standard error of the means (SEM) were reported per
treatment. Significant difference was declared at p < 0.05.
2.2. Aerobic Stability of Total Mixed Ration and Potato By-Product (Experiment 2)
For the evaluation of aerobic stability at laboratory-scale, three TMRs were prepared
with increasing levels of PBP. The same PBP as used in the dairy cow experiment was used.
All TMRs contained 50% grass silage and PBP was used at 0, 10 and 20% of total DM in
TMR1, TMR2 and TMR3, respectively. To maintain the DM constant among the 3 TMRs,
water was proportionally added into TMR1 and TMR2. Samples of silage, concentrate
and PBP were taken and analyzed for DM, pH, ash, CP, NDF, starch, WSC and microbial
quality according to the methodology described in the previous section.
The TMRs were treated with a formic and propionic acid-based preservative (FPA; AIV
Ässä Na, Eastman, Oulu, Finland; composition 580 g/kg formic acid, 200 g/kg propionic
acid, 25 g/kg potassium sorbate and 52 g/kg sodium formate) and a salt-based preservative
(Salt; Xtrasil Majs HD, Konsil Scandinavia AB, Tvååker, Sweden; composition 225 g/kg
sodium benzoate, 35 g/kg potassium sorbate and 50 g/kg ammonium propionate). Both
preservatives were used at 1.5 and 3 L per ton (FPA1, FPA2, Salt1 and Salt2, respectively),
and a control treatment without any preservative was included. The preservatives were
diluted in tap water in order to have an even application, while for the control treatment,
the same volume of tap water was applied.
The experiment comprised 15 treatments (3 TMRs× 5 preservatives) that were studied
in 3 replicates. Approximately 700 g of TMR was weighed into polystyrene boxes and
aerobic stability by rise in temperature was evaluated. The temperature measurements
were carried out using a MicroLite USB Data Logger from Fourtec (Chicago, IL, USA),
where thermocouple probes inserted into the samples in polystyrene boxes were connected
to the MicroLite devices. Temperature was automatically recorded at 10-min intervals.
Aerobic stability was defined as the time taken to increase the temperature of the sample
by 2 ◦C (or 3 ◦C) above the ambient temperature. Samples were weighed before and after
the aerobic incubation to determine the aerobic losses over 10 days.
The aerobic spoilage of the samples was also evaluated through visual inspection. The
TMRs were placed into plastic containers, which were covered with perforated plastic film
and kept at +20 ◦C. Visual inspection was conducted once daily by observing the growth of
yeasts and molds on the surface of the TMR using a scale: 0 = no mold, 1 = slight moldiness,
2 = moderate moldiness and 3 = severe moldiness. Samples were discarded when severely
molded. The result of this test was the number of days the samples remained unmolded
and slightly molded.
Aerobic stability of PBP as such was also evaluated through visual inspection, since
rise in temperature is not a suitable method for such wet material [27]. Potato by-product
was weighed into plastic containers and preservatives were carefully mixed with it. In
order to evaluate dose response to chemical preservatives, five treatments were applied as
previously described for TMR.
Data were analyzed using a MIXED procedure (SAS Inc. 2002–2012, Release 9.4; SAS
Inst. Inc., Cary, NC, USA) according to the statistical model: Yij = µ + Ti + Pj + (Ti × Pj) + ei,
where Yij is the observation of the dependent variable ij; µ is the overall mean of the
population; Ti is the fixed effect of TMR treatment; Pj is the fixed effect of preservative
treatment; (Ti × Pj) is the fixed effect of the interaction between TMR and preservative
treatments; and eij is the random error associated with the observation ij. The UNIVARIATE
procedure was used to test the normal distribution of data through Shapiro–Wilk test.
Least squares means and standard error of the means (SEM) were reported per treatment.
Significant difference was declared at p < 0.05. The sum of squares was further partitioned
into contrasts to evaluate the linear and quadratic effects of proportion of PBP and the dose
response to the preservatives. Significant difference was declared at p < 0.05.
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3. Results and Discussion
3.1. Dairy Cows Fed Potato By-Product (Experiment 1)
The chemical composition and feed values of the feeds in the dairy cow experiment
are shown in Table 2. The basal grass silage was of good nutritional and hygienic quality.
The values for the PBP reflected closely the values of whole potato given in Luke [16] and
Feedipedia [28] and indicate that in the peeling process, a lot of potato was included in the
PBP. The PBP had a much higher starch content than the concentrates and a high energy
value, but the protein values were lower due to the low CP content of it.
Table 2. Chemical composition, fermentation quality and feed values of the feeds used in the dairy





Dry matter (DM), g/kg 343 885 886 202
In DM, g/kg
Ash 97 74 90 49
Crude protein 140 213 240 85
Water soluble carbohydrates 110 73 85 104
Starch 6 177 177 626
Neutral detergent fiber 499 231 235 53
Indigestible neutral detergent fiber 85 65 65 5
Fermentation quality
pH 4.34 3.95
Ethanol, g/kg DM 2.9 0.4
Ammonia N, g/kg N 31 4
Lactic acid, g/kg DM 34 4
Acetic acid, g/kg DM 14 5
Propionic acid, g/kg DM 0.7 7.5
Butyric acid, g/kg DM 0.15 0.03
Feed values
In vitro organic matter digestibility, g/g 0.770
Metabolizable energy, MJ/kg DM 11.1 11.6 11.2 12.1
Metabolizable protein, g/kg DM 83 115 124 87
Protein balance in the rumen, g/kg DM 17 41 69 −46
The microbial quality of feeds and TMRs fed to dairy cows is presented in Table 3.
The microbial quality of the individual feeds was numerically better than the final TMRs
offered to cows. The microbial quality of the TMR containing PBP was similar to Control
immediately after preparation. In the production trial, the development of hygienic quality
of the TMR or the quality of the PBP over the one-week storage period were not determined.
Based on Experiment 2, storage time may pose a risk in terms of faster deterioration of the
TMR with PBP, which might be reflected in decreased intake. However, in this case a formic
acid-based preservative was used to prolong the shelf-life of PBP, and no fluctuations in
feed intake nor subjective signs of deterioration were observed either in respect to TMR
storage time or within the one-week storage period of each PBP batch.
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Control Experimental Control Experimental
Enterobacteria, cfu 1/g 1.0 × 101 2.2 × 103 7.7 × 103 1.2 × 101 6.4 × 105 5.6 × 103
Lactic acid bacteria, cfu/g 3.7 × 106 2.6 × 105 6.1 × 105 8.3 × 106 1.8 × 107 1.1 × 107
Aerobic bacteria, cfu/g 3.5 × 105 1.6 × 105 5.8 × 105 2.6 × 106 2.6 × 106 7.2 × 105
Yeasts, cfu/g 5.8 × 104 1.3 × 103 <1.0 × 101 5.6 × 103 8.5 × 104 1.4 × 104
Molds, cfu/g <1.0 × 101 6.8 × 104 1.4 × 104 <1.0 × 101 6.0 × 104 3.1 × 104
Clostridia, spore/g 5 10 96 3 43 42
1 cfu: colony-forming unit.
The inclusion of PBP in dairy cow diets resulted in lower (p < 0.05) feed and nutrient
intakes (Table 4). Consequently, the daily nutrient intakes of OM, CP and NDF were lower
(p < 0.05) than in the control diet, but due to the high starch content of PBP, the starch intake
was higher (p < 0.05) in the PBP diet. The OM, CP, NDF and iNDF intakes were lower in the
diet containing PBP, while the starch intake was higher (3.91 vs. 2.54 kg/day; p < 0.05). The
reduced intakes might have been due to a greater starch content in the diet containing PBP,
as reported by Lechartier and Peyraud [29]. This contrasts with Onwubuemeli et al. [30],
who reported no difference in dry matter intake when feeding dairy cows with wet potato
processing waste up to 20% of the diet on a dry matter basis. The lower CP concentration
was due to the lower CP concentration in PBP compared to the cereals it replaced in the
diet. We decided not to compensate for that by adding more rapeseed meal into the PBP
diet and thus confound the effects of PBP and rapeseed meal inclusion. A similar MP
concentration in the diet and a clearly positive PBV value for the PBP diet suggest that the
diets were not deficient in protein and the small difference in diet protein concentration
probably did not influence the results obtained from this experiment.
Table 4. Feed and nutrient intake, and nutrient concentrations of the total mixed ration (TMR) diets in the dairy cow feeding
experiment (Experiment 1).
Control TMR Potato By-Product TMR SEM 1 p-Value
Feed intake, kg dry matter/day
Total 28.3 26.3 0.21 <0.01
Forage 13.9 12.9 0.11 <0.01
Concentrate 14.4 9.9 0.10 -
Potato 0 3.5 0.08 -
Nutrient intake/day, kg
Organic matter 25.4 23.5 0.20 <0.01
Crude protein 4.90 4.36 0.038 <0.01
Starch 2.54 3.91 0.050 <0.01
Neutral detergent fiber 10.1 8.8 0.08 <0.01
Indigestible neutral detergent fiber 2.08 1.72 0.015 <0.01
Protein balance in the rumen 827 743 5.9 <0.01
Nutrient concentration in the diet, g/kg
Organic matter 897 893 0.3 <0.01
Crude protein 173 166 0.1 <0.01
Starch 90 149 0.1 <0.01
Neutral detergent fiber 358 335 0.2 <0.01
Indigestible neutral detergent fiber 74 66 0.1 <0.01
Protein balance in the rumen 29.2 28.3 0.019 <0.01
1 SEM: standard error of the mean.
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The cows received formic acid as part of the PBP. Additionally, the silage contained a
formic acid-based additive so that the daily intakes of formic acid were 154 and 194 mL (5.4
and 7.4 mL formic acid/kg of TMR) per cow for the control and potato groups, respectively.
The amount was somewhat higher for the potato group, but this was probably not a major
factor affecting the outcomes of the experiment. Kara et al. [31] reported that no significant
differences were observed between 4 and 8 mL of formic acid/kg of TMR on ruminal
fermentation parameters. Additionally, based on the recommendation from EFSA [32],
the formic acid supply to cows was lower than the maximum proposed dose (10,000 mg
(8.2 mL) of formic acid/kg of TMR). Furthermore, considering the fast perishability of the
potato by-product, it was necessary to extend the shelf life of this ingredient by using a
formic acid-based preservative.
The apparent total-tract digestibilities estimated by using iNDF as an internal marker
are presented in Table 5. The DM and OM digestibilities were greater (p < 0.05) in the diet
with inclusion of PBP. No statistical differences (p > 0.05) were found for CP, starch and
NDF digestibilities. The greater DM and OM digestibilities for the diet containing PBP
were probably due to its higher starch content, which has greater digestibility, and at the
same time, lower NDF content, which has lower digestibility. The digestibility values were
low which is also highlighted by the lower diet ME concentration when estimated from
OM digestibility compared to the one based on feed values. As a methodological challenge,
incomplete recovery of iNDF leads to underestimation of the digestibility values, but it
may still be assumed to detect the differences between the dietary treatments (see, e.g.,
Savonen et al. [17]).
Table 5. Apparent total-tract digestibility (g/g) of dietary components of the total mixed ration
(TMR) diets in the dairy cow feeding experiment (Experiment 1).
Control TMR Potato By-Product TMR SEM 1 p-Value
Dry matter 0.642 0.673 0.0044 <0.01
Organic matter 0.628 0.657 0.0039 <0.01
Crude protein 0.553 0.553 0.0068 0.98
Starch 0.960 0.971 0.0042 0.11
Neutral detergent fiber 0.572 0.589 0.0109 0.30
1 SEM: standard error of the mean.
Starch degradation may vary according to its source, and thus the risk of acidosis
should be considered when including potato in ruminant diets. Monteils et al. [33], compar-
ing the ruminal degradation of wheat and potato starches, found that the concentrations of
total VFA and ruminal pH were more variable for wheat than for potato in grass silage-
based diets. Additionally, they identified that wheat can be completely replaced by potato
in maize silage-based diets without risk of acidosis nor negative effects on digestion.
In our experiment, milk production in kg/day was lower (p < 0.05) for cows fed
PBP, but the difference did not reach significance for ECM (p = 0.12), as the milk solids
content was higher (p < 0.05) in the milk of cows receiving the PBP (Table 6). In contrast
to our work, Onwubuemeli et al. [30] reported that milk production was not affect by
incremental levels of wet potato processing waste up to 20% on a dry matter basis as a
substitute for high-moisture maize in dairy cow diets. Literature results are very variable,
as Mosavi et al. [10] reported minor decreases in milk production, while Tavares et al. [13]
found slightly greater milk production and Eriksson et al. [11], Zunong et al. [12] and
Jurjanz et al. [34] found no difference in the performance of cows fed potato by-product.
The differences in responses are likely to be due to the quality of potato-based feed in
relation to the dietary ingredients it is replacing in the diet, but in none of the experiments
cited previously were clearly adverse effects detected.
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Table 6. Milk production, composition and efficiency of milk production of the dairy cows fed
different total mixed rations (TMR; Experiment 1).
Control TMR Potato By-ProductTMR SEM
1 p-Value
Production per day
Milk, kg 38.2 35.8 0.61 0.03
Energy corrected milk, kg 40.1 38.6 0.64 0.12
Fat, g 1623 1588 33.1 0.47
Protein, g 1435 1363 15.8 0.01
Lactose, g 1716 1606 30.8 0.04
Milk composition, g/kg
Fat 42.5 44.2 0.56 0.06
Protein 37.8 38.3 0.28 0.25
Lactose 44.9 44.7 0.13 0.48
Solids 134.8 137.0 0.63 0.04
Urea, mg/100 ml 31.0 28.5 0.68 0.03
Nitrogen use efficiency 0.293 0.313 0.0015 <0.01
Energy corrected milk,
kg/kg DM intake 1.42 1.46 0.017 0.09
1 SEM: standard error of the mean.
Daily protein and lactose yields were lower (p < 0.05) for cows fed PBP (Table 6),
while no difference was found (p > 0.05) for fat production. The milk fat content tended to
be higher (p = 0.06) while no statistical differences (p > 0.05) were found in milk protein
and lactose concentration. The increased fat concentration may be linked to the higher
starch content of the PBP diet and a similar effect was observed by Jurjanz et al. [34].
Jurjanz et al. [34] studied the effect of starch sources in dairy cow diets, such as wheat and
potato peelings, and did not observe any effect on DM intake and milk production, but milk
fat concentration was higher when potato peelings were fed at a higher starch concentration.
The slightly improved (p < 0.05) efficiency of nitrogen utilization in response to PBP
inclusion merely reflects the decreased CP intake on that diet, as nitrogen use efficiency is
directly related to CP intake [35]. No difference was found (p > 0.05) for energy-corrected
milk in kg/kg DM intake.
The reason for the reduced feed intake and milk production in response to PBP
inclusion in the diet could not be unequivocally explained. Subjective observations during
the experiment did not give reason to suspect hygienic problems of the PBP. In addition,
no problem related to palatability was observed. Schneider at al. [36] emphasized that
potato is a palatable alternative to dairy cows with approximately the same energy value as
ground maize, at least when offered as a meal. The main difference between the diets was
the higher starch intake of PBP-fed cows, but it did not impair fiber digestion and was still
at a moderate level, so problems related to rumen acidosis, for example, should be unlikely.
Although milk production was slightly reduced, the economic output of the system
depends on the costs of the feeds in relation to each other as well as milk price. A viable
option would also be to use the by-product feeds in the diets of other livestock groups,
such as growing cattle. The environmental benefits depend on the alternative uses of the
by-product, but in general, feed use can be considered more useful than other uses, e.g.,
in soil amendment. The net food production efficiency can be improved by the use of
non-human-edible by-products [37] and it can be assumed to improve the acceptability
of livestock production. The use of by-products can also decrease the carbon footprint of
animal products, but it is partly dependent on the allocation of CO2 equivalents to the
main products and by-products.
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3.2. Aerobic Stability of Total Mixed Ration and Potato By-Product (Experiment 2)
The heating of TMR may be a serious practical problem as mixing various feed com-
ponents provides inoculation, aeration and multiple substrates for microbes, accelerating
spoilage, and moist by-products may be particularly challenging [38]. The chemical com-
position and microbial quality of the ingredients used to prepare the TMRs in the aerobic
stability trial at laboratory-scale are presented in Table 7. The silage DM concentration
used in the TMR recipes was slightly higher than in the dairy cow experiment, while the
DM of PBP was similar. Starch and OM contents were higher in PBP than in silage and
concentrate, while its contents of ash, CP and NDF were lower. The microbial quality
parameters of PBP were closely comparable to those in the silage, except for lactic acid
bacteria, which was higher in PBP. The presence of enterobacteria and molds were higher
in the concentrate than in silage and PBP. Due to the low DM content of PBP, water was
added in TMRs 1 and 2 (with lower inclusions of PBP) to be able to compare the TMRs at a
similar DM level. The achieved DM levels were 356, 352 and 385 k/kg for TMR1, TMR2
and TMR3, respectively.
Table 7. Composition and microbial quality of the feeds, and dry matter and pH of different total
mixed rations (TMR) in the aerobic stability experiment (Experiment 2).
Silage Concentrate Potato By-Product
Dry matter (DM), g/kg 431 872 214
pH 4.33 6.51 4.52
In DM, g/kg
Ash 93 88 44
Crude protein 134 237 80
Starch 6 177 737
Neutral detergent fiber 236 241 61
Water soluble carbohydrates 28 77 50
Microbial quality
Enterobacteria, cfu 1/g <1.0 × 101 3.1 × 103 2.0 × 101
Lactic acid bacteria, cfu/g 5.4 × 106 4.4 × 104 2.9 × 107
Aerobic bacteria, cfu/g 2.9 × 105 3.0 × 105 8.7 × 106
Yeasts, cfu/g 6.2 × 104 <1.0 × 101 1.4 × 104
Molds, cfu/g <1.0 × 101 8.2 × 104 <1.0 × 101
Clostridia, spores/g 1.1 23 3
TMR1 TMR2 TMR3
DM, g/kg 356 352 385
pH 5.37 5.16 5.14
1 cfu: colony-forming unit.
There were no statistically significant interactions between the main effects in Exper-
iment 2 such that the results are presented by the main effects in Table 8. To show the
individual treatment effects for aerobic stability, Figure 1 is included. The effect of PBP
inclusion on aerobic stability was quadratic (p < 0.05) (Table 8) as it drastically reduced from
TMR1 to TMR2 (117 vs. 58 h) but further reduction in TMR3 was minor (54 h). The addition
of FPA linearly increased (p < 0.05) the aerobic stability of the TMRs. For the salt-based
preservative, a quadratic pattern (p < 0.05) was observed, in which the improvement in
aerobic stability was modest at low dose and greater at the high dose. Figure 1 shows that
the responses to preservatives were greater in the most stable TMR1, and their efficacy
decreased in the more challenging conditions of TMR2 and TMR3. A similar phenomenon
was demonstrated by Seppälä et al. [39] using brewers’ grains or low-quality ingredients
to challenge the TMR stability.
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Table 8. Aerobic stability and losses, and visual spoilage of total mixed rations with incremental proportions of potato




















(2 ◦C), hours 117 58 54 7.9 50 73 81 65 113 12.7 <0.01 <0.01 <0.01 0.31 <0.01 0.04
Aerobic stability
(3 ◦C), hours 137 79 61 10.6 56 84 95 78 150 14.3 <0.01 <0.01 <0.01 0.21 <0.01 <0.01
Aerobic losses, g/kg
fresh matter 24 32 28 2.0 38 27 27 29 18 1.8 <0.01 <0.01 <0.01 <0.01 <0.01 0.31
First spot of
mold, hours 160 117 117 9.4 96 125 136 136 163 12.2 <0.01 <0.01 <0.01 0.35 <0.01 0.50
Complete
spoilage, hours 282 221 256 13.9 197 221 267 248 331 12.1 <0.01 <0.01 <0.01 0.02 <0.01 <0.01
1 SEM: standard error of the mean. 2 PBP L: linear effect of potato by-product inclusion on TMR; PBP Q: quadratic effect of potato
by-product inclusion on TMR; FPA L: linear effect of formic acid-based preservative dose on TMR; FPA Q: quadratic effect of formic
acid-based preservative dose on TMR; Salt L: linear effect of salt-based preservative dose on TMR; Salt Q: quadratic effect of salt-based
preservative dose on TMR.












0  10  20  0  1.5  3  1.5  3  PBP L  PBP Q  FPA L  FPA Q  Salt L  Salt Q 
Aerobic stability (2 °C), hours  117  58  54  7.9  50  73  81  65  113  12.7  <0.01  <0.01  <0.01  0.31  <0.01  0.04 
Aerobic stability (3 °C), hours  137  79  61  10.6  56  84  95  78  150  14.3  <0.01  <0.01  <0.01  0.21  <0.01  <0.01 
Aerobic losses, g/kg fresh matter  24  32  28  2.0  38  27  27  29  18  1.8  <0.01  <0.01  <0.01  <0.01  <0.01  0.31 
First spot  f mold, hours  160  117  117  9.4  96  125  136  136  163  12.2  <0.01  <0.01  <0.01  0.35  <0.01  0.50 
Complete spoilage, hours  282  221  256  13.9  197  221  267  248  331  12.1  <0.01  <0.01  <0.01  0.02  <0.01  <0.01 
1 SEM: standard error of the mean. 2 PBP L: linear effect of potato by‐product inclusion on TMR; PBP Q: quadratic effect 



















Figure 1. Aerobic stability (2 ◦C above room temperature) of total mixed rations with incremental proportions (0, 10 or
20 g/kg dry matter) of potato by-product (PBP) and treated with formic and propionic acid-based (FPA) or salt-based (Salt)
preservatives at 1.5 (FPA1 and Salt1) or 3 (FPA2 and Salt2) liters per ton (Experiment 2).
The visually observed first spot of mold and complete spoilage were quadratically
affected (p < 0.05) by the inclusion of PBP in the TMR. The TMR1 spoiled later than TMRs 2
and 3. Both preservatives improved (p < 0.05) the shelf-life of TMRs with increasing levels
of PBP by delaying the first appearance of visible mold and complete spoilage.
The aerobic spoilag of the PBP as such and th effects of the preservatives were also
evaluated (Figure 2). Both pres rvatives delaye (p < 0.05) the appea ance of mold and com-
plete d terioration of PBP, but Salt was more effective (p < 0.05) than FPA. Rinne et al. [15]
also noticed a cle r delay in vis al spoil ge of a mois carrot by-product in respons to a
formic acid-based preservative. Chemical pres rvatives eem t be efficient in p erving
moist by-products and the clear dose response to chemical pres rvatives indicates that in
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case of spoilage problems in practice, increasing the dose is a recommended strategy. Some
researchers have also successfully ensiled potato or other moist vegetable by-products
mixed with higher DM feed components to alleviate the storage challenges [13,40].
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Figure 2. Aerobic spoilage by visual inspection of sole potato by-product treated with formic and
propionic acid-based (FPA) or salt-based (Salt) preservatives at 1.5 (FPA1 and Salt1) or 3 (FPA2 and
Salt2) liters per ton (Experiment 2). Values with different superscript letter within each parameter are
significantly different at 5%, Tukey test.
4. Conclusions
The inclusion of potato by-product in dairy cow diets at 135 g/kg on a DM basis
resulted in lower feed intake, but greater diet OM digestibility, possibly due to the greater
starch content, which partly compensated for the lower intake. Consequently, only a
minor reduction in some milk production parameters were observed. The inclusion of
potato by-product reduced the aerobic stability of total mixed rations, and it could, to a
limited extent, be improved by the addition of chemical preservatives. This experiment
demonstrated that a potato by-product may successfully be incorporated into the diet of
high yielding dairy cows and benefits in sustainability of the food-feed system can be
achieved, although milk production may be slightly decreased.
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